The electro-kinetic phenomena in biological membranes have been the subject of many studies (HOUSE, 1964; DIAMOND and HARRISON, 1966; IWASA et al., 1980) . In these studies, an electric charge on the surface of aqueous channels of the membranes has been of special interest. However, WEDNER and DIAMOND (1969) argued that a large component of electro-kinetic phenomena was due to changes in local ionic concentration owing to the unstirred layer effect and different ion permeabilities. They used the term "apparent electro-kinetic phenomena" for this component. They concluded that much of the observed current-induced water flow represents an osmotic flow due to these local concentration changes, rather than true electro-osmosis. In practice, it is very difficult to eliminate the local concentration effect, when steady gradients of chemical, electrical potentials and osmotic pressure were applied. However, it is very important to clarify the role of this true electro-kinetic phenomena in epithelial transport, because HILL (1975) suggested that true electro-osmosis plays a role in fluid transport in his theoretical epithelial model. From the view point of network thermodynamics (IMAI et al., 1985) , the electro-kinetic phenomenon is treated as a power coupling process between hydraulic and electric powers. The streaming potential is a power transducing process from hydraulic to electric power via ionic transport processes. To study these processes more explicitly, we need a simple method of detecting electro-kinetic phenomena without the involvement of diffusion potential due to local ionic concentration change. This paper describes the method of observation of electrokinetic phenomena by imposing oscillating pressure or an electric gradient across the epithelia.
As shown in Fig. la , the volume flow driven by zip acts with the ionic flows. These are known as solvent drags which have different rates for the cation and anion. Accordingly, the membrane current due to ionic flows causes the streaming potential. Figure l b explains electro-osmosis. The membrane potential d /i reacts with the ionic driving forces for the cation and anion, respectively. The ionic driving forces react with the hydraulic driving force. These hydraulic forces that are due to cation and anion driving forces have different rates and different directions, and thus, electro-osmosis occurs.
In our experiments, epithelia having finite hydraulic conductivity were used. These include the skin, stripped gastric mucosa and the tongue mucosa of the bullJapanese Journal of Physiology .., action. b: electro-osmosis. Membrane potential reacts with ionic driving forces and then the ionic driving forces react again with hydraulic driving forces. The sum of hydraulic driving forces due to cation and anion driving forces results in electro-osmosis.
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frog (Rang catesbeiana). In order to exclude as much as possible the effects of the osmotic pressure gradient, diffusion potential and active transport, the same solution was placed in both sides of the chambers. Active transport was suppressed with amiloride in the case of frog skin. In other cases, intact epithelia were used. These membranes were mounted in a modified Ussing-type chamber apparatus. One side of the orifice (8 mm4) was covered with nylon mesh. One of the chambers was closed tightly and connected to an Ag-AgCI electrode, a pressure transducer (MPU-0.5A, LPU-0.1 A, Nihon Kohden) and a pressure applying device which was made using a rubber tube filled with a solution. The other chamber was open, and connected to two electrodes through agar bridges, one for measuring the potential difference and the other for applying the electric current. Thus, the potential was measured at the open side, while giving reference to the closed side. The hydrostatic pressure was measured at the closed side with reference to atmospheric pressure. First, using the frog skin we measured the streaming potential. The active Na transport across the frog skin was blocked by amiloride (10 -5 M), and no potential difference was observed in the resting state. Then we measured the electric potential change due to the pressure dependent volume flow across the membrane. To apply hydrostatic pressure, we placed a vibrating plastic plate (12 Hz) or a vibrating tunning fork (100 Hz) on the pressure-applying device. The amplitude and the frequency of oscillating pressure were monitored with a pressure transducer.
When oscillating pressure (upper trace of Fig. 2a ; 300 mmHg at maximum, 12 Hz) was applied, a synchronous potential oscillation (lower trace of Fig. 2a ; 17 mV at maximum, 12 Hz) was observed in the case of the frog skin. The amplitude of potential decreased in proportion to that of the pressure wave, when the latter was gradually reduced. When the tunning fork (40 mmHg, 100 Hz) was used, a synchronous potential oscillation (1 mV, 100 Hz) was also observed, and the phase relationship of potential and pressure was the same. That is, a positive peak potential at the open chamber appeared after a positive peak of pressure at the closed chamber. The solvent drag of the cation caused by the volume flow was predominant compared with that of the anion, and the aqueous channel was assumed to be negatively charged. WEDNER and DIAMOND (1969) assumed that a local concentration gradient was formed in the unstirred layer due to the continuous volume flow, and the half time of its decay was 22-90 s. The pressure oscillation is at the frequency range of 12 to 100 Hz in our experiments, and this frequency is rapid enough to neglect the effect of both the concentration gradient formation and its diffusion potential. Thus, the observed potential changes are regarded as true streaming potential.
The streaming potential of the frog skin was 57 µV mmHg-1 at 12 Hz and 25 RV • mmHg -1 at 100 Hz. These values are higher than that reported as 62 pV • mOsM -1 for the intestine by SMYTH and WRIGHT (1966) and 40 µV • mOsM -1 for the gallbladder by WEDNER and DIAMOND (1969) . If we assume that 1 mOsM= 19 mmHg, our value would be 10 to 20 times larger than theirs. This implies that some local effects were involved in their observations. The streaming potentials were also observed in the experiments of gastric mucosa, frog tongue mucosa without inhibitors, and also artificial ion exchange membranes (Selemion-c and Selemion-a; Asahi Glass Co.). The phase relations of streaming potential on the frog tongue mucosa and the cation exchange membrane were the same as that on the frog skin. That is, the positive potential peak at the open chamber was observed after the positive peak of pressure at the closed chamber. However the phase relation of the gastric mucosa was reversed and was the same as that of the anion exchange membrane. That is, the negative potential peak was observed after the positive peak of pressure, and the solvent drag of the anion was predominant in these cases.
In the experiment on electro-osmosis, the membrane potential was oscillated artificially using alternating current. Rectangular or sinusoidal currents of 0.01 Hz were used. The volume flow was observed from the change in hydraulic pressure, because the closed chamber had a finite compliance and the pressure change reflected the volume change.
When the membrane potential across the gastric mucosa was alternated (upper trace of Fig. 2b ; 1.8 V, 0.01 Hz), the hydraulic pressure oscillated synchronously (lower trace of Fig. 2b ; 50-80 mmH2O, 0.01 Hz). During the periods of negative potential in the open chamber, the hydrostatic pressure in the closed chamber increased. This phenomenon corresponded well with the characteristics of electroosmosis in the anion exchange membrane because the direction of volume flow seemed to be concomitant with that of the anionic flow. In the case of rectangular potential change, the direction of volume flow changed just after the potential change. If the local ion concentration gradient is formed during the period of current-duration, its effect should be prolonged along with its time constant. Thus, the electro-osmosis was predominant and any osmotic flow due to the local concentration gradient was negligible in our experiment.
In the cases of the frog skin and tongue mucosa, the pressure also oscillated synchronously when the electric potential was alternated. In both cases, the phase relationship was reversed compared with that of the gastric mucosa, and was the same as that in the cation exchange membrane. Namely, the pressure increased at the closed chamber during periods of positive potential in the open chamber. The direction of volume flow is in accord with the cationic flow.
Both streaming potential and electro-osmosis were influenced by the pH of the bathing solution, as reported by MUDD (1925) and WRIGHT and DIAMOND (1968) . When we used an acidic solution (pH 3) in the frog skin experiments, the skin behaved like an anion exchange membrane. On the other hand, the gastric mucosa behaved like a cation exchange membrane, when examined in the alkaline solution (pH 8). Such pH-dependence in the electro-kinetic phenomena may be explained by the electric charge on the surface of aqueous channels which affects the rate of power transducing processes, as shown in our model (Fig. la, b) .
It has been shown that the use of the modified Ussing chamber is useful for the observation of electro-kinetic phenomenon, in which the power coupling process 
